Introduction
Techniques for omic analyses have continued to expand and improve during the last decade. They continue to evolve along with genomics, proteomics, transcriptomics, and metabolomics. As a very important part of the metabolome, the lipidome, aimed at mapping all of the lipids of a cell, is of increasing importance in omics evolution [1] . Many significant efforts have been made to promote research in this emerging field. Analysis of nutritional and structural lipids has been reviewed in detail elsewhere [2 ,3-7] .
The regulatory lipids are referred to as lipid chemical mediators which regulate various important biological processes such as cell proliferation, apoptosis, tissue repair, blood clotting, blood vessel permeability, inflammation, immune cell behavior, and other biological functions and which act at low concentrations to do so. Examples of regulatory lipids include the eicosanoids and the lipids derived from other polyunsaturated fatty acids (PUFAs). Eicosanoids are oxylipins produced from arachidonic acid and include prostaglandins, thromboxanes, leukotrienes, hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acids (EpETrEs), and lipoxins. Figure 1 shows some of the regulatory lipids derived from arachidonic acid [8 ] . There are targeted assays for some of the well investigated regulatory lipids such as prostaglandin E 2 (PGE 2 ) and leukotrienes. However, there is crosstalk among regulatory lipids as well as crosstalk among regulatory lipids and chemokines, cytokines, and other chemical mediators. Thus, it is vital to have a comprehensive profiling method for these regulatory lipids.
physical properties. Many of these oxidized lipids or oxylipins are isomers, which make their identification and quantitation in a single biological sample a challenging task. In addition, most compounds are present at low concentrations but they can vary in concentration by more than three orders of magnitude. Some of the methods to measure subsets of these oxylipins include ELISA [9] and other immunoassays, gas chromatography (GC) [10] or GC-mass spectrometry (GC-MS) [11] , liquid chromatography (LC)-ultraviolet (UV), LC-MS [12] , and LC-MS-MS [8 ,13,14,15 ,16-21,22 ]. LC-MS-MS currently is the most powerful tool because of its specificity and sensitivity. Unfortunately, most of the published methods [11,13,14,15 ,16-19,21] only analyze a small portion of the known regulatory lipids.
In a recent paper [8 ] , a novel sensitive method was reported for the detection and quantification of the regulatory lipids that employ solid-phase extraction (SPE), high-performance liquid chromatography separation, and electrospray ionization (ESI)-MS/MS in multiple reaction-monitoring (MRM) mode. This method is quantitative for products of multiple enzymatic pathways, which allows a more complete assessment of localized and systemic pathological changes. The LC separations were carefully optimized to separate the critical separation pairs while keeping the total run relatively short. Figure 2 shows the typical separation and one of the critical separation pairs. In 21 min, 39 regulatory lipids were quantified along with eight corresponding internal standards.
Using two different types of internal standards, the extraction recovery and the instrument variability could be adjusted and higher accuracy measurements could be realized for trace regulatory lipids. An internal standard (type II internal standard) was chosen to monitor the injection variation and eight type I internal standards were selected to compensate for the differences in the extraction and ionization efficiency due to differences in chemical structure and chromatographic elution. When commercially available, deuterated internal standards were used. The validation shows that this method meets The ones derived from other PUFAs were not shown here but are metabolized in a parallel manner. The compounds in gray font are the unstable metabolites. EpETrEs, epoxyeicosatrienoic acids; HETEs, hydroxyeicosatetranoic acids; PL, phospholipid; PUFAs, polyunsaturated fatty acids. Adapted with permission from [8 ] .
exacting criteria for several important parameters. Linearity of each compound was greater than 0.999 over the calibration range 0.07-32 pg (20 pmol/l to 10 nmol/l) injected on the column. The accuracy and precision of the method were established by examining the reproducibility of several quality control samples over extended times and conditions.
New methods for oxylipin analysis will continually be needed for broader coverage with better quantitation and sensitivity. Currently, well over 100 biologically active oxylipins have been identified, and the number continues to grow indicating that broader coverage of structures is needed. For example, multiple regulatory lipids in the v-3 series appear biologically important. On the other hand, the basal concentrations of several oxylipins are below the detection limit of even the most sensitive methods. However, even with careful optimization and more powerful instrumentation, there will be a trade-off between the number of analytes monitored and the sensitivity. In addition, the chirality of many oxylipins is critical to biological activity but most current methods do not address the chirality problem. Although conceptually straightforward, the analysis of chirality of some analytes will come at the expense of other parameters such as the number of lipids detected. Coverage, sensitivity, accuracy, precision, and speed must of course be weighed against cost of analysis. For any biological problem, there will be trade-offs among these drivers, requiring analytical chemists to adjust their procedures for the goals of the project, develop new techniques to obtain more information from existing instrumentation, and adapt their methods to improved instrumentation. For studies in which there is a high degree of control over the experimental system and a desire to capture as much information as possible, the method with broader coverage is an obviously attractive approach. For diagnostic work or more defined studies, greater accuracy, quicker, and sensitive quantitation methods are essential [9] .
There are several efforts to broaden the number of metabolites analyzed [20, 23 ]. One example is the development of an eicosanoid profiling method for 104 unique lipid species [23 ] . This method covers almost all of the known eicosanoids. However, it suffers from the problem of low sensitivity. The limit of detection (LOD) of the reported method is much worse than the limit of quantitation (LOQ) of the above method described at the The extracted ion chromatogram in the insert illustrates one of the critical separation pairs, which share the identical MS-MS transition and similar structure. MS, mass spectrometry. Adapted with permission from [8 ] .
beginning of this chapter. This is illustrated by an LOD of PGE 2 for their method of 1 versus 0.07 pg. As a result of increasing evidence showing that the regulatory lipids derived from v-3 fatty acids play important roles in biological processes [24,25 ,26,27] , another important addition involves the expansion of analytical methods to include the v-3-derived regulatory lipids. The Hammock lab has already added 38 regulatory lipids derived from v-3 fatty acids to the previous method. The improved method is targeted to 77 regulatory lipids without compromising detection sensitivity by taking new features (scheduled MRM) from the software and careful optimization (unpublished data).
An example of targeting several regulatory lipids is shown by Ferreiro-Vera et al. [28] . The approach is based on a hyphenated system composed of a SPE workstation online coupled to a LC-triple quadrupole-tandem mass spectrometer. Nine regulatory lipids were selected to be monitored. As a result of the reducing complexity, the analysis was accelerated by online SPE.
Applications of regulatory lipid profiling
As mentioned above, the regulatory lipids play important roles in the physiological and pathological process such as the inflammatory process. Thus, profiling these regulatory lipids is an attractive way to uncover the mystery behind these pathological phenomena. This is especially true for the eicosanoids in which the arachidonate cascade is the target of more than 75% of the world's pharmaceuticals.
The following examples highlight applications of lipid profiling from the simple but very important assessment of in-vivo drug engagement to a complicated example of crosstalk among the different pathways. This is followed by a discovery study using the profiling method -the Rofecoxib story. Finally, an investigation related to the expansion to the v-3-derived regulatory lipids is discussed.
The assessment of in-vivo drug engagement
Although pharmacokinetic studies can monitor drug concentrations as a function of time to provide information on absorption, distribution, metabolism, and excretion (ADME), drug levels do not address the drug in the invivo system. Analytical methods to target engagement provide an important link between plasma drug levels and in-vivo efficacy. Because most of the pharmacological targets are related to the arachidonate pathways, one of the obvious applications of regulatory profiling methods is to assess in-vivo drug engagement. A newly discovered pharmacological target-soluble epoxide hydrolase (sEH) is chosen as an example here. sEH has proven to be a therapeutic target for acute inflammation, pain, and cardiovascular diseases [29] . sEH is an a/b hydrolase fold enzyme that converts EpETrEs to their less biologically active corresponding vicinal diols, dihydroxyeicosatrienoic acids (DiHETrEs). Endogenous P450-derived EpETrEs possess anti-inflammatory properties via inhibition of NF-kB activation [30] . The biological activity and molecular signaling mechanisms of EpETrEs have been reviewed comprehensively elsewhere [31, 32] . Using a quantitative method to measure eicosanoids, changes in eicosanoid profiles can be assessed and used as valuable biomarkers of sEH inhibitors (sEHIs) [8 ,33] . Simplified biomarkers for sEHI effects are the dramatic increase in EpETrEs levels and/or increased ratios of EpETrEs to their corresponding diols.
Li et al. [34] found a significantly decreased EpETrEs : DiHETrEs ratio, which represents an inflammatory state, in a murine model of myocardial infarction. The administration of sEHIs increased EpETrEs : DiHETrEs ratios and was highly effective in the prevention of progressive cardiac remodeling postmyocardial infarction. The EpETrEs also are analgesic. Inceoglu et al. [35] revealed that with increased EpETrEs : DiHETrEs ratios, sEHIs lead to antihyperalgesia by at least two spinal mechanisms, the induction of the COX2 gene and the regulation of an acute neurosteroid-producing gene, StARD1.
Crosstalk among pathways
As the regulatory lipids are synthesized from related pathways as shown in Fig. 1 , a change in any pathway will presumably affect the adjacent pathways by shuttling of starting materials and intermediate metabolites. A well known example is aspirin-induced asthma (AIA). In AIA, inhibition of cyclooxygenase (COX) is associated with release of cysteinyl-leukotrienes, which have emerged as important mediators of asthma, and may be particularly prominent in aspirin-induced respiratory reactions [36] . This is thought to occur by mass action following the inhibition of the COX enzymes. Profiling the substrates and the metabolites (the regulatory lipids) of these pathways provides a good tool for studying crosstalk between these pathways from the metabolite levels. Combined with protein level and message level information, the biological mechanisms underlying these biological processes can be uncovered.
As an illustration of greater complexity in crosstalk, Schmelzer et al. [37 ] demonstrated that regulatory lipid profiles shifted after combination therapy of NSAIDs and sEHIs. Coadministration of sEHIs and NSAIDs produced synergistic decreases in COX pathway metabolites (PGD 2 and PGE 2 ) 6 h after lipopolysaccharide (LPS) exposure while elevating the concentrations of EpETrEs. The COX2 inhibitors increased the flow of arachidonic acid through the P450 pathway and led to increased EpETrEs and DiHETrEs in murine plasma after exposure to LPS. However, the administration of sEHI decreased PGE 2 and PGD 2 production instead of increasing them by mass shunting. Protein analysis (western blotting) of COX2 showed that inflammationinduced hepatic COX2 expression was suppressed by the sEHIs, which explains the dramatic decrease in PGE 2 and PGD 2 production after sEH inhibition. These data predict synergistic interactions in reducing inflammation between a transcriptional downregulator of induced COX2 (sEHI) and an enzyme inhibitor (COXIB or NSAID).
Not only did the lipid profiling method demonstrate the dramatic downregulation of PGE 2 by sEHI, likely through a translational mechanism, but also it showed a dramatic increase in EpETrEs with COX inhibitors such as aspirin. Thus, one could argue that the beneficial effects of aspirin and other NSAIDs come from the increase in anti-inflammatory lipid chemical mediators such as EpETrEs as well as the decrease in inflammatory mediators like PGE 2 .
In a recent study by Liu et al. [38 ] , crosstalk was investigated in the same model system. Significant crosstalk among branches of the arachidonic acid cascade was found during selective modulation of COX, LOX, or sEH. Again, profiling of regulatory lipids was employed to discover these interactions. Inhibition of the COX pathway significantly reduced the levels of sEH-produced DiHETrEs and the LOX products 5-HETE and 15-HETE. This effect may be due to feedback regulation of the anti-inflammatory effect from each individual inhibitor. Blockade of the LOX pathway by the 5-LOX activation protein (FLAP) inhibitor MK886 significantly decreased the production of COX products thromboxane B 2 (TXB 2 ) and PGE 2 while increasing the production of DiHETrEs. The inhibition of sEH suppresses the action of COX and LOX pathways by reducing the production of PGE 2 and 5-HETE. This work suggests that metabolism of arachidonic acid by COX, LOX and CYP450 family enzymes do not just follow a simple mass flow rule but involve a complex crosstalk among chemical mediators.
The Rofecoxib story
Rofecoxib is a NSAID that was withdrawn from the market by Merck in 2004 due to its side-effect of a higher risk for cardiovascular events and stoke in arthritic patients [39] . One of the proposed explanations is that rofecoxib can reduce the production of the platelet aggregation inhibitor prostacyclin I 2 but not platelet activator TXA 2 , which can increase the risk for cardiovascular diseases such as hypertension, myocardial infarction, and heart failure [40] [41] [42] [43] . Thus, regulatory lipid profiles that include quantify PGI 2 and TXA 2 should be able to provide the evidence for this hypothesis.
In a recently published paper [44 ] , instead of monitoring arachidonic acid generated regulatory lipids only from COX enzymes, Liu et al. broadly quantified the representative regulatory lipids derived from ARA and linoleic acid mediated by COXs, CYP450s, and LOXs. Unexpectedly, they found a 120-fold increase of the eicosanoid 20-HETE after oral administration of rofecoxib for 3 months. This increase was correlated with a significantly shorter tail bleeding time in a murine model. The decreased bleeding time may be one of the adverse cardiovascular events caused by rofecoxib. 20-HETE is a potent vasoconstrictor and plays an important role in cardiovascular function. This work suggested that regulatory lipid profiling is a promising tool to gain a comprehensive understanding of biological processes and that 20-HETE may potentially be used as a marker of rofecoxib induced cardiovascular adverse events.
Omega-3 fatty acids-derived regulatory lipids
The early human diet was most likely rich in stearic acid and the v-6 fatty acid oleic acid (18 : 1) with moderate amounts of v-3 fats. Diet probably varied dramatically through divergent pathways of cultural evolution. Until the 1960s the American diet was largely stearate and oleate based with an increasing trend toward PUFA and particularly linoleic acid (18 : 2) . A series of events led to a significant alteration in the American diet at this time with a massive increase in the proportion of linoleic acid and a decrease in v-3 fats with little or no scientific driver [45] . Society seldom invests in clinical trials to evaluate the effects of diet because it is difficult for one organization to profit from the results. In this case, the food industry inadvertently increased the ratio of v-6 fatty acids because of the availability and desirability of grain-based oils. However, as a result of increasing evidence that inflammation underlies many of today's diseases, and the involvement of v-6 fatty acids, particularly arachidonic acid, in the production of proinflammatory eicosanoids, there is currently another dietary revolution in which v-3 lipids will be supplemented. Low levels of v-3s in the American diet come from a variety of plants with soybean oil being a major contributor. However, these PUFAs were dramatically reduced by classical breeding and genetic engineering due to their instability in foods. In addition, terrestrial plants provide only the precursor omega-3 fatty acid, alpha-linolenic acid, whereas it is the longer-chain derivatives eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) that are precursors for oxylipins. Cold water fish such as salmon, tuna, anchovies, and sardines are rich in long-chain v-3 fats EPA and DHA having concentrated them from diatoms. However, there are now many sources of varying quality.
Several v-3 trials suggest that v-3 fatty acids, the main contents of fish oil, have beneficial effects in many diseases [46] such as asthma [47] , Alzheimer's disease [48] , depression [49] , inflammatory bowel disease [50] , diabetes [51] , cardiovascular diseases [52] , and cancer [53] . Most v-3 trials, however, lack the power to draw strong conclusions. The mechanisms of these beneficial effects are under investigation. The proposed mechanisms include among others the lipid raft theory [54] , competition with arachidonic acid to produce less inflammatory regulatory lipids, and production of anti-inflammatory regulatory lipids [25 ,27,55] from v-3 starting materials.
A recent paper published by Morisseau et al. [27] reported naturally occurring monoepoxides of EPA and DHA that acted as bioactive antihyperalgesic lipids in a rat pain model. By profiling the regulatory lipids in rat brain and spinal cord tissues, significantly more EpDPEs (from DHA) were found than EpETEs (from EPA). The v-3 EpDPEs were in similar quantities to the EpETrEs, although their plasma levels were much lower. These data imply that the epoxides derived from v-3 fatty acids might act similarly to v-6 EpETrEs, which were proven antihyperalgesic in a previous rat pain model [35] . A kinetic study showed that human sEH prefers v-3 EpDPEs over v-6 EpETrEs in terms of K cat and K M . Furthermore, an in-vivo rat model demonstrated that these epoxides are antihyperalgesic with both peripheral and central actions on the nervous system [27] .
Conclusion
In the last 2 years, analytical efforts in several laboratories have broadened the coverage of the regulatory lipids while maintaining high quantitative accuracy. This makes it feasible to profile these important regulatory lipids in various systems in vivo. One trend has been a move toward quantitative methods. Other trends of analytical method development include increasing the number of regulatory lipids analyzed to gain more information in a single run for discovery studies, and to speed up the analytical process with higher detection ability in confirmation or diagnosis studies such as in-vivo drug engagement studies. In addition, a more systemic way to interpret the data will be a very important issue because the synergistic and antagonistic effects of these regulatory lipids generally exist.
Recent applications utilizing these methods for profiling regulatory lipids range from fundamental biochemical studies to clinical research. As a result of the important roles these regulatory lipids play in inflammatory diseases, this profiling strategy will be one of the powerful new tools for investigating inflammatory diseases and pharmacological investigations. As more new regulatory lipids and new biological functions of the current lipids are discovered, regulatory lipid profiling will contribute more to these fields.
